The surface-potential-based compact model for quantum effects in planar and doublegate MOSFETs is developed. The surface-potentials at source and drain sides are calculated with the effective field approximation and the quantum charge epxression. The drain current is calculated with the drift-diffusion model and quantum correction of the lateral field. One set of equations is used for both planar and double-gate structures.
Introduction
The compact modeling of quantum effects in MOSFET was originally performed with effective capacitance or effective band-gap techniques [1, 2] . In order to have more accurate solution, the MOS equation has been modified to include the quantization in the channel of doublegate and planar MOSFET [3, 4] . However, the solution in [4] for planar MOSFET assumes the surface field as a confining potential, which does not allow to obtain good agreement with the Schrödinger-Poisson simulation in the strong inversion condition. So, the factor of 0.5 for role of electron charges in expression of effective field should be added, as it is done in [5] . Using the effective-field approximation together with bulk-quantization correction term we obtain the MOS equation, which should be solved numerically in one iteration loop in order to find the surface potentials at source and drain sides for both planar and double-gate MOSFET structures. In order to calculate the drain current, we use the drift diffusion model, where the lateral field is determined as the gradient of the lowest channel subband. It allows us to obtain the analytical expression for quantum correction to the conventional charge-sheet expression, developed in [6] . We compare our results with the Schrödinger-Poisson scheme, and modeling results for drain current are compared with the density-gradient simulation [7] .
Model
Surface-potentials are calculated by solving the MOS equation with the quantum charge, which, in planar case, leads to where i denotes the valley's index, m xy = √ m x m y is the two-dimensional DOS effective mass, while z-axis is directed to the oxide interface, j is the subband index, E f and E j are the Fermi level and quantization energy levels in the channel, respectively. The energy spectrum in planar structure can be calculated with the triangular potential approximation, where the effective field is determined as
where α is the fitting parameter, which is equal to 0.5 as a nominal value. Then the subbands in planar MOSFET are determined as
where the intrinsic energy in the substrate is the reference point. Since the effective field is the function of ψ s and V g we can solve the MOS equation for planar structure iteratively.
The effective field in double-gate structure can be defined in the similar manner, and we use the energy spectrum for two lowest energy levels as
In the subthreshold regime, the bulk component of the spectrum is dominated, whereas, the surface quantization part has the major effect in the deep inversion region. We will check the validity of our model in weak inversion by comparison with the Schrödinger-Poisson solver.
Once the surface potential is determined, the gate current density can be calculated analytically using the effective field (3) and semi-classical approach [8] .
We derive the drain current using the drift-diffusion model, where the lateral field is determined with as a gradient of the lowest subband along the channel
where E 0 is the lowest subband. Integrating (6) for the double-gate case we obtain
where E S0 , E SL are the lowest subbands at source and drain sides. Integral in (7) can be calculated analytically without using special functions. The similar analytical expression for the planar MOSFET can also be derived. If we omit the lateral field correction, the expression (7) becomes the same as the conventional charge-sheet model [6] .
Simulation Results
We compare the simulation results for MOS structures with the Schrödinger-Poisson scheme, which includes the wave function penetration into oxide region [11] . The C-V characteristics for planar structure are shown in Fig.1(a) , where the substrate doping is N a = 5 · 10 18 cm −3 . Since we assumed the surface-quantization conditions in inversion of DGFET, our model should show better results for thick structures, where bulk quantization is negligible and device behavior approaches the planar limit. For validation purpose we simulated the thin structure and C-V dependencies for DGMOS with 5nm silicon thickness and instrinsic channel as shown in Fig.1(b) . The agreement between two models is worse in the weak inversion, but looks reasonable for higher bias.
The corresponding gate tunneling current densities are shown on Fig.1(c) and Fig.1(d) .
In calculating tunneling current for the double-gate case, the tunneling barrier hitting frequency in the bulk quantization was assumed. T ox = 1.5nm
Our model experiment [10] (d) Tunneling current in double-gate MOS Then we compare the modeling results for the drain current of long-channel MOSFET with the data from the density-gradient method with constant mobility [7] . We also compare our results with the model without the correction for lateral field. It can be observed in Fig.2 , that the model with lateral field quantum correction predicts higher current and shows better agreement with density-gradient simulation. Since our model uses the similar framework with HiSIM model [12] , the further modifications for short-channel effects can be made in straightforward manner under HiSIM framework. 
Conclusions
The compact model, which takes into account the quantum effect in planar and doublegate structures has been developed. Although our model is physically appropriate, in principle, for double-gate structure with thick silicon region and planar structure, it gives reasonable results even for DGFET with the silicon thickness of 5nm. The value of fitting parameter α of 0.5 allows to obtain good agreement with the numerical quantum device simulators in the wide range of device parameters. The quantum correction for the lateral field gives better agreement with density-gradient simulation without additional fitting parameter.
